The Beam Equilibrium Stability and Transport (BEST) code, a 3D multispecies nonlinear perturbative particle simulation code, has been developed to study collective effects in intense charged particle beams described selfconsistently by the Vlasov-Maxwell equations. This code provides an effective numerical tool to investigate collective instabilities, periodically-focused beam propagation in in alternating-gradient focusing fields, halo formation, and other important nonlinear process in intense beam propagation.
INTRODUCTION AND THEORETICAL MODEL
For accelerator applications to spallation neutron sources, tritium production, and heavy ion fusion, space-charge effects on beam equilibrium, stability, and transport properties become increasingly important. To understand these collective process at high beam intensity, it is necessary to treat the nonlinear beam dynamics self-consistently using the nonlinear Vlasov-Maxwell equations[ 1, 2, 31. Recently, the 6f formalism, a low-noise, nonlinear perturbative particle simulation technique, has been developed for intense beam applications, and applied to matched-beam propagation in a periodic focusing field [4, 5, 6, 7, 81 and other related problems. This paper reports recent advances in applying the 6f formalism to simulate the nonlinear dynamics of an intense beam. The BEST code described here is a 3D multispecies nonlinear perturbative particle simulation code, which can he applied to a wide range of important collective processes in intense beams, such as the electron-ion two-stream instabilityL9, 101, periodicallyfocused beam propagation[ 1 I, 121, and halo formation. In the the theoretical model[9, 10, 131, we consider a thin, continuous, high-intensity ion beam ( j = b), with characteristic radius r b propagating in the z-direction through background electron and ion components ( j = e , i), each of which is described by a distribution function fj(x, p , t). The charge components ( j = b, e , i) propagate in the zdirection with characteristic axial momentum yjmjpjc, where r/; = Djc is the directed axial velocity, yj =
(1 -p;)-'/' is the relativistic mass factor, e j and mj are the charge and rest mass, respectively, of a j-th species particle, and c is the speed of light in vacuo. For each component ( j = b, e , i ) , the transverse and axial particle velocities in a frame of reference moving with axial velocity ,!+e, are assumed to he nonrelativistic. While the nonlinear Sf formalism outlined here is readily adapted to the case of a periodic applied focusing force, for present purpose we make use of a smooth-focusing model in which the applied focusing force is described by
where XI = x8, + yb, is the transverse displacement, 
NONLINEAR 6F SIMULATION METHOD AND THE BEST CODE
In the nonlinear bf formalism, we express the total distribution function as f j = fjo + 6fj. where fjo is a known solution to the nonlinear Vlasov-Maxwell equations (2) and 0-7803-5573-3/99/$10.00@ 1999 IEEE.
(3), and determine the detailed evolution of the perturbed distribution function 6fj = f j -fjo. This is accomplished by advancing the weight function defined by w j 6fj/ fj.
together with the particles' positions and momenta. The equations of motion for the particles, obtained from the characteristics of the nonlinear Vlasov equation (2), are given by
Here the subscript "ji" labels the i-th simulation particle of the j-th species. The weight functions wj, as functions of phase space variables, are carried by the simulation particles, and the dynamical equations for wj are easily derived from the definition of w j and the Vlasov equation (2) (2) and (3) where N j is the total number of actual j-th species particles, and NSj is the total number of simulation particlesfor the jth species. Maxwell's equations are also expressed in terms of the perturbed fields and perturbed density according to
Here, U ( z , zij) represents the method of distributing particles on the grids in configuration space. The nonlinear particle simulations are canied out by iteratively advancing the particle motions, including the weights they carry, according to Eqs. (4) and (5), and updating the fields by solving the perturbed Maxwell's equations (7) with appropriate boundary conditions at the cylindrical conducting wall. Even though it is a perturbative approach, the 6f method is fully nonlinear and simulates the original nonlinear Vlasov-Maxwell equations. Compared with conventional particle-in-cell simulations, the noise level in Jf simulations is significantly reduced. In addition, the bf method can be used to study linear stability properties provided the factor (1 -wjt) in Eq. (5) is approximated by 1, and the forcing term in Eq. (4) is replaced by the unperturbed force (i.e., advancing particles along the unperturbed orbits). Implementation of the 3D multispecies nonlinear 6f simulation method described above is embodied in the BEST code at the Princeton Plasma Physics Laboratory. The code advances the particle motions using a 4th-order Runge-Kutte method, and solves Maxwell's equations by a fast Fourier transform and finite-difference method in cylindrical geometry. Written in Fortran 90/95, the code utilizes extensively the object-oriented features provided by the computer language. The NetCDF scientific data format is implemented for large-scale diagnostics and visualization. The code has achieved an average speed of 40fis/(particlexstep) on a DEC alpha personal workstation 500au computer.
SIMULATION RESULTS
For brevity, we present here illustrative simulation results for a single-species thermal equilibrium ion beam in a constant focusing field. In this case, equilibrium properties depend on the radial coordinate T = 
CONCLUSION AND FUTURE WORK
The BEST code has been tested and applied in different scenarios. As a 3D multispecies perturbative particle simulation code, it provides several unique capabilities. Since the simulation particles are used to simulate only the perturbed distribution function and self-fields, the simulation noise is reduced significantly. The perturbative approach also enables the code to investigate different physics effects separately, as well as simultaneously. The code can be easily switched between linear and nonlinear operation, and used to study both linear stability properties and nonlinear beam dynamics. These features, combined with 3D and multispecies capabilities, provide us with an effective tool to investigate the electron-ion two-stream instability, periodically focused solutions in alternating focusing fields, halo formation, and many other important problems in nonlinear beam dynamics and accelerator physics. Finally, the BEST code is readily adapted to the case where the applied focusing force, F3foe, corresponds to a periodic focusing quadrapole field or solenoidal field, and the effects of the axial self-field field F& = -i.,ej8g5(z,t)/8z on the particle dynamics are retained self-consistently. Results of these studies will be reported in future publications.
